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Introduction

The monoamine oxidase A (MAOA) gene (hg18, chrX: 
43,400,353–43,491,012) is one of the most investigated brain 
candidate genes.1 The gene product, MAOA, oxidizes mono-
amines, such as serotonin, norepinephrine and dopamine, thereby 
exerting pleiotropic effects on mood and arousal (reviewed in  
ref. 2). A growing number of studies have reported that a common 
tandem repeat polymorphism (uVNTR) in the MAOA promoter3 
that produces “high” and “low” alleles is associated with antiso-
cial behavior,4 impulsivity,5 major depressive disorder6 and other 
neuropsychiatric disorders (reviewed in ref. 1). Since the func-
tional effect of the uVNTR was originally demonstrated in cell 
culture and biochemical experiments,7 we questioned the extent 
to which the high and low MAOA alleles modulate the levels of 
MAOA in the brain. In an earlier study, we measured MAOA 
enzyme directly with positron emission tomography (PET) and 
[11C]clorgyline in a group of 28 normal healthy men who were 
also genotyped for the “high” and “low” alleles. Although we 
did not find a relationship between genotype and brain MAOA 
activity,8 we observed a high interindividual variability in brain 
MAOA levels that merited closer investigation.

Prior studies of the MAOA genotype have underscored the 
critical role of environment for the manifestation of specific 

Human brain function is mediated by biochemical processes, many of which can be visualized and quantified by 
positron emission tomography (PET). PET brain imaging of monoamine oxidase A (MAOA)—an enzyme metabolizing 
neurotransmitters—revealed that MAOA levels vary widely between healthy men and this variability was not explained 
by the common MAOA genotype (VNTR genotype), suggesting that environmental factors, through epigenetic 
modifications, may mediate it. Here, we analyzed MAOA methylation in white blood cells (by bisulphite conversion of 
genomic DNA and subsequent sequencing of cloned DNA products) and measured brain MAOA levels (using PET and 
[11C]clorgyline, a radiotracer with specificity for MAOA) in 34 healthy non-smoking male volunteers. We found significant 
interindividual differences in methylation status and methylation patterns of the core MAOA promoter. The VNTR 
genotype did not influence the methylation status of the gene or brain MAOA activity. In contrast, we found a robust 
association of the regional and CpG site-specific methylation of the core MAOA promoter with brain MAOA levels. These 
results suggest that the methylation status of the MAOA promoter (detected in white blood cells) can reliably predict the 
brain endophenotype. Therefore, the status of MAOA methylation observed in healthy males merits consideration as a 
variable contributing to interindividual differences in behavior.
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phenotypes; for example, an association of “low” allele with 
impulsive behaviors was contingent upon exposure to develop-
mental stressors,4,9 suggesting the involvement of factors other 
than sequence variation in translating the MAOA genotype to 
different behavioral phenotypes.

Epigenetic modifications of the genome are pivotal for proper 
genome functioning enabling precise control of gene expression 
and thereby the availability of the final protein products. Within 
mammalian DNA, epigenetic information is predominantly 
encoded by the enzymatic conversion of cytosine to 5-methyl-
cytosine.10 Methylated DNA is mitotically stable and therefore 
this epigenetic modification is commonly considered as epigene-
tic marker.11 The functional consequences of methylation depend 
on the location of the methylated CpGs relative to the transcrip-
tion start site (TSS) of the cognate gene. That is, methylation 
occurring at the site of transcriptional initiation often suppresses 
gene expression,12,13 while intragenic methylation is important 
for regulation of gene expression in tissue- and cell-specific man-
ner.14 Although aberrant methylation has long been associated 
with cancer15 and more recently with common diseases,16 our 
understanding of the physiological norms of methylation vari-
ability remains limited. Indeed, only a few studies have reported 
non-disease methylation heterogeneity related to phenotypic dis-
cordance of twins,17,18 normal aging19 and ethnic diversity.20
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Results

MAOA genotype. In our sample, most individuals (18 out of 
34) carried “high” MAOA allele. Allele distribution varied across 
the ethnic group; the population-specific allele frequencies were 
closed to previously reported32. The differences in the MAOA 
allele frequencies between the ethnic groups were not significant: 
χ2 = 3.85, df = 4 and p = 0.43. Demographic characteristics of the 
study sample are shown in Table 1.

Individual differences in the sequence of the MAOA pro-
moter. To account for the potential impact of individual varia-
tion in DNA sequence on epigenetic differences, we obtained the 
complete sequence of the extended promoter region that encom-
passes two tandem repeat polymorphisms.33 Two VNTRs alleles 
were strongly intercorrelated, so that the carriers of the “low” 
allele (uVNTR) ultimately had a 10R-allele of the second, 10 bp 
VNTR, while the “high” allele uVNTR carriers had 9R-allele 
of 10 bp VNTR. Apart from these variances, we did not detect 
other sequence variations in our sample.

DNA methylation of the MAOA core promoter. Based on our 
recent characterization of the epigenetic features of the MAOA 
gene33 and on our analysis of the methylation potential of the 
MAOA locus, here we focused on a subregion of the CGI (CpG 
island)_1060 (chrX: 43,400,353–43,400,797) encompassing  
14 CpG sites (Fig. 1). We chose this region because the interme-
diate epigenetic score (447) of CGI_1060 indicates its propen-
sity to differential methylation34 and considering that the 500 bp 
flanks of TSSs exhibit the most methylation variability associated 
with the gene expression.35 Furthermore, a recent study36 pro-
vided new evidence on the role short sequence modules within 
the proximal promoters have in defining their own methylation 
states. The potential functional significance of the methylation 
marks occurring in this region is also indicated by the spike in 
conservation score and co-occurrence of multiple regulatory ele-
ments (pleiadesgenes_R).33

Aiming to obtain detailed quantitative and qualitative infor-
mation on the methylation status of individual DNA molecules 
with a single CpG resolution, we used bisulphite conversion of 
genomic DNA followed by cloning and sequencing of the cloned 
products.37 Currently, this method is considered the most reliable 
in enabling single nucleotide resolution for locus-specific meth-
ylation across the DNA molecule.38

Typical CGIs overlapping with TSSs of transcriptionally 
active genes are methylation-free; therefore, little or no methyla-
tion was expected within the CGI_1060. In our sample, between 
10.3% and 35.5% of analyzed CpGs were methylated (median 
18.8%), with approximately normal distribution of the regional 
methylation means (Fig. S1A). The differences in DNA meth-
ylation across individuals (Fig. S2) were not related to ethnic-
ity [F

(2,29)
 = 0.2, p = 0.81]. Age did not have an apparent effect 

on methylation either (Fig. 3A), [F
(19,14) 

= 0.92; p = 0.58]. We 
did not detect influence of the genotype on methylation; in our 
sample, genotype groups had similar methylation means [low: 
20%, high: 19%, F

(1,32)
 = 0.26, p = 0.6].

Interindividual variation in brain levels of MAOA activity. An 
average brain measure of enzyme levels (brain λk

3
) was used as an 

In the context of brain/behavioral phenotypes, epigenetic 
mechanisms enable adaptations and contribute to heterogene-
ity and plasticity by mediating environmental and stochastic 
effects. For example, evidence from animal models has linked 
changes in locus-specific methylation to social cognition,21 
learning and memory22 and stress-related behaviors.23 However, 
generalization from preclinical findings is challenging due to 
the uniqueness of the human brain. Moreover, the biologi-
cal impact of DNA methylation is species-specific, so that at 
some loci methylation can have differential effects on gene 
expression even in such closely related species as humans and 
chimpanzees.24 At the same time, the lack of available tech-
nology hinders the comprehensive exploration of the human 
brain epigenome, while studies of the human brain are limited 
to analysis of post mortem samples with associated bias (see  
ref. 25 for example).

An alternative strategy to analyze the relationships between 
DNA methylation and brain phenotype is to use an easily acces-
sible proxy tissue, e.g., white blood cells (WBC). The reasoning 
for this is that while cell and tissue specific epigenetic patterns 
are established during development, subsequent environmental 
exposure would have a global impact on epigenome. Indeed, 
empirical evidence indicates that specific epigenetic modifica-
tions can be shared across the genome, and thus may serve as 
epimarkers.14 The utility and validity of this approach is sup-
ported by reports of associations between DNA methylation 
patterns on WBC and various common diseases, including psy-
chiatric disorders.26,27 For example, a recent fMRI study demon-
strated that DNA methylation in the COMT gene measured in 
WBC predicted changes in brain activation patterns after stress 
exposure.28

Here we hypothesized that that epigenetic mechanisms 
and individual variations in the sequence of the core promoter 
would modulate the epigenetic landscape of the MAOA locus, 
thereby influencing gene expression and individual brain 
MAOA activity level. We tested this hypothesis by measur-
ing brain MAOA activity using PET with [11C]clorgyline, a 
radiotracer with specificity for MAOA,29,30 in 34 healthy non-
smoking males (tobacco smoke inhibits MAOA31) and analyz-
ing the MAOA methylation in WBC by bisulphite conversion 
of genomic DNA and subsequent sequencing of cloned DNA 
products.

Table 1. Demographic characteristics of the study sample

Genotype “Low” MAOA “High” MAOA

Count n = 16 n = 18

Age 29 ± 7.5 30.9 ± 7.5

Et
hn

ic
it

y

Caucasians 3 8

African-Americans 9 7

Hispanics 2 2

Asian 1 0

More than one race 1 1

The differences in the MAOA allele frequencies between the ethnic 
groups are not significant: χ2 = 3.85, df = 4, p = 0.43. Population-specific 
genotype frequencies are close to previously reported.
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measures, we conducted multiple regression analysis. Regression 
model was significant (F

4,29
 = 11.81, p = 0.002), with methylation 

explaining 25.5% of the outcome measure. However, the addition 
of the other variables did not improve our accuracy in predicting 
values for the MAOA brain activity.

Analysis of the methylation patterns. Providing a good epigen-
etic marker, the average value of subclonal DNA methylation vari-
ances can also mask differences in position-specific methylation. 
Therefore, we next explored individual methylation patterns, 
i.e., the combination of methylation statuses of contiguous CpG 
nucleotides in a DNA strand.39 Overall, there was a slight gradi-
ent in site-specific methylation (Fig. 3C), with the lowest level 
detected in TSS-proximal CpG1 (in 24 out of 34 samples it was 
methylation free). CpGs2–7 exhibited low (median 11.4%) and 
CpG8–14 exhibited medium (median 27.9%) methylation levels. 
Most methylation was detected at CpG13 (averaging 83.5%; it 
was fully methylated in 6 samples). The distribution of the meth-
ylation values at individual CpG units across samples was not uni-
form: for some sites (e.g., CpG4, CpG14), it was close to normal 
(Fig. S3A), for others (e.g., GpG1, CpG2), it was skewed toward 
zero (Fig. S3B). For CpG13 it was skewed toward 1 (Fig. S3C).

Based on the combined data set, we next computed the cor-
relations of DNA methylation at individual CpG units between 

outcome measure because MAOA activities in the different brain 
regions are highly intercorrelated.31 On a sample level, global 
measures of brain MAOA activity exhibited approximately nor-
mal distribution (Fig. S1B shows distribution pattern and Table 
S1 present values of individual λk

3
 measures for the whole brain), 

with markedly different levels of enzyme activity among indi-
viduals visualized with PET and [11C]clorgyline (Fig. 2). Brain 
MAOA levels were independent of age [Pearson’s r(34) = 0.001,  
p = 0.9] and did not differ between genotype-based and ethnic-
ity-based subgroups (ANOVA: F

(1,32)
 = 1.74, p = 0.2 and F

(2,30)
 = 

0.51, p = 0.6, respectively).
Relationship between MAOA methylation and brain MAOA 

activity. The average methylation levels measured across the ana-
lyzed region and brain MAOA activity were negatively correlated 
[Pearson’s r(34) = 0.61, p < 0.001] (Fig. 3B). This relationship 
was independent of genotype, so that the average methyla-
tion predicted brain λk

3
 in both genotype groups (low MAOA:  

b = 0.57, t
(16)

 = 2.67, p = 0.018; high MAOA: b = 0.65, t
(16)

 = 3.29, 
p = 0.005), explaining a significant proportion of the variance in 
brain λk

3
 (low MAOA: R2 = 0.322, F

(1,15)
 = 7.11, p = 0.018; high 

MAOA: R2 = 0.42, F
(1,15)

 = 10.82, p < 0.01).
To assess the unique contribution of age, ethnicity and geno-

type along with methylation and explain variance in the brain 

Figure 1. MAOA genomic locus and region analyzed in the study. (A) X-chromosome ideogram with the MAOA position indicated in red; (B) overview 
of the MAOA promoter and its epigenetic features; (C) Amplicon overview (red arrows indicate its position relatively to the MAOA gene) represents the 
methylation status of individual CpG sites, averaged across the samples (shades of gray correspond to the methylation percentage). Green dashed box 
shows colocalization of the CpG11 and CpG12 with nucleosome exclusion region.
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genomic DNA samples. Most individual genomic DNA samples 
produced methylation-free clones (samples 1 and 2 but not sample 
3); however, having analyzed about 1,200 clonal sequences, we 
did not detect a single fully methylated DNA molecule. Several 
clones with concordant methylation pattern were observed in the 
same sample (see sample 3 where patterns of the clones 1 and 2, 5 
and 6, 13, 14 and 15 are similar—indicated with green brackets). 
The patterns shared across the samples (purple brackets) were 
very simple (i.e., only CpG13 is methylated).

Relationships between the site-specific methylation and brain 
MAOA activity. We speculated that site-specific methylation 
levels might be better predictors of the brain MAOA measures 
because the observed difference in methylation state and in extent 
of methylation variability of individual CpGs most likely reflects 
their specific localization relative to the functional elements of 
the MAOA gene promoter. A correlation analysis revealed a sig-
nificant (negative) relationship between the enzyme level and 
methylation state of several CpG sites: CpG 5 [Spearman’s r(32) 
= -0.52, p = 0.002], CpG6 [r(32) = -0.42, p = 0.017], CpG8 
[r(34) = -0.44, p = 0.01], CpG10 [r(34) = -0.5, p = 0.003], 
CpG11 [r(34) = -0.62, p < 0.001], and CpG12 [r(34) = -0.62, 
p < 0.001]. The significance of the model with the methylation 
value of CpG12 as predictor variable (adjusted Rsq. = 0.398;  
F

1,32
 = 17.3; p < 0.0001. β = -0.593; p =  < 0.0001) highlights its 

potential value as a single epigenetic marker.
Principal component analysis. In order to reduce the dimension 

space of the epigenetic variability, we performed a principal com-
ponent analysis. The combination of four principal components 
(PCs) accounted for 70% of the variance: PC1 captured most 
(23.1%) variation, PC2, PC3 and PC4 accounted for 19.1%, 
13.9% and 13.8% of the variance, respectively. PC-based analy-
sis underscored position-dependency of methylation variability: 
PC1-3 largely represented methylation states of the CpG clus-
ters in the beginning, middle and end of the analyzed region, 

individual samples and between amplicon averages (graphed 
as similarity plot in Fig. 3D). Pearson’s correlation coefficients 
for the pairwise combinations of amplicons ranged from -0.03 
to 1 (median 0.57). Spearman’s correlation coefficients for the 
pairwise combinations of CpG units ranged from -0.55 to 0.79 
(median 0.26).

There were differences in variability of the DNA methylation 
values measured at individual CpG sites wherein the variance of 
methylation values for a given CpGs across the individuals was 
less pronounced than the differences in methylation values across 
the analyzed CpG units. We also detected some constraints to the 
variability of the methylation pattern, for example, methylation 
states of the CpG8 and CpG9 remain significantly different from 
CpG1 and CpG2 states across all DNA samples (Kolmogorov-
Smirnoff test: p < 0.02).

A closer look at between-pair methylation differences for 
CpG pairs revealed a complex pattern of the CpG cluster-
ing and marked discordance between the methylation states of 
proximally positioned CpG sites. A high degree of methylation 
discordance within a relatively short region is unexpected; nota-
bly, even tandem CpG5 and CpG6 (5'-TAT CGC GGG-3') dis-
played only limited similarity (Pearson’s correlation coefficient 
0.53). The negative values of the correlation coefficient point out 
to dissimilarity between neighboring CpG sites; for example, 
CpG11 vs. CpG13: Pearson’s coefficient = -0.27; and CpG2 vs. 
CpG5: Pearson’s coefficient = -0.07. The degree of within-pair 
resemblance of methylation at individual CpG sites is displayed 
as a dendrogram in Figure S4.

Next, we compared the methylation patterns of the sub-
clones derived from unrelated input DNA samples. Along with 
marked variation in average DNA methylation among individu-
als, there were notable differences in the methylation patterns of 
the subclones derived from the same sample of genomic DNA.  
Figure S5 displays clonal methylation patterns of three individual 

Figure 2. Variability in brain MAOA levels observed in healthy males. Parametric images of the model term which is a function of MAOA activity for 
two healthy individuals show the same planes of the brain. Brain λk3 for those individuals are 0.27 mLplasma(mLbrain)-1min-1 and 0.4 mLplasma(mLbrain)-1min-1 
(A and B, respectively). A rainbow color scale is used where red represents the highest λk3 values.
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respectively, while PC4 represented CpG11 and CpG12. The 
correlation between PC1 and brain MAOA level (λk

3
) was sig-

nificant [Spearman’s r(33) = -0.364, p = 0.037], though PC2 
and PC3 were not informative with respect to the brain endo-
phenotype. A strong negative correlation between PC4 and λk

3
 

[Spearman’s r(33) = -0.507, p = 0.003] seems rather intriguing 
because the CpG11 and CpG12 sites, represented by PC4, reside 
within the nucleosome exclusion region (Fig. 1).

Discussion

The MAOA gene and its protein product, MAOA enzyme, are 
among the most studied in psychiatry.1,9,40 The ability to image 
and quantify human brain MAOA with PET has enabled the 
investigation of relationships between MAOA levels and behav-
ioral and disease phenotypes in healthy volunteers and in 
patients.41-43 For example, PET studies have revealed elevations 
in brain MAOA activity in major depressive disorder (MDD)44 
and mood disorders,43 whereas low MAOA activity has been 
related to maladaptive behavioral traits, such as aggression.45 
Interestingly, PET imaging has also demonstrated a modulating 
effect of the environment on brain enzyme levels by showing that 
current cigarette smokers have reduced brain MAOA.31

The present study was stimulated by a prior study in our labora-
tory that revealed that MAOA levels vary widely between healthy 
non-smoking men and that this variability was not explained by 
the MAOA polymorphism (uVNTR genotype).8 We speculated 
that epigenetic modifications may mediate the normal variability 
in brain MAOA levels and set out to investigate the relationship 
between the methylation status of the MAOA gene and brain 
MAOA levels using a combination of imaging and epigenetic 
analysis.

The major findings of the present study are the following: 
First, with this PET imaging study with [11C]clorgyline, we were 
able to replicate, in an independent sample, our prior finding of 
a insignificant effect of the MAOA genotype on brain MAOA 
activity.8 Second, our results suggest that in normal populations, 
the MAOA promoter exhibits variable DNA methylation pat-
tern wherein methylation variability can be largely attributed 
to non-genetic factors. Third, the observed non-randomness 
of methylation levels and methylation variability, where meth-
ylation discordance is constrained to few CpG sites (e.g., CpG5 
and CpG11), points out to its potential physiological relevance. 
Fourth, a significant association between MAOA methylation 
and brain MAOA enzymatic activity supports the idea that 
regional DNA methylation measured on WBC can be a useful 
epigenetic biomarker for brain endophenotype.

Replication of prior study. In a prior study8 we reported large 
inter-subject variability in brain MAOA in a relatively homoge-
nous group of healthy male subjects, irrespective of MAOA geno-
type. This finding was in need for replication because of study 
limitations arising from the small sample size and ethnic diversity 
of study population. Here, we replicated the prior finding in a 
new, larger population sample, thereby corroborating the notion 
that heterogeneity of the MAOA brain endophenotype is likely to 
be driven by non-genetic factors (aka, environmental exposure).

Variable methylation. Our analysis revealed extensive varia-
tion in DNA methylation of the MAOA core promoter, with 
discordance of the methylation patterns both within the region 
and between the individuals. The overall distribution of DNA 
methylation exhibited some directionality, being the lowest in 
the vicinity of TSS and gradually increasing toward the 3' end 
of the region, with a variable degree of methylation heterogene-
ity at individual CpG sites therein. Our analysis revealed only 
small differences between ethnic groups and we did not detect 
differences between the MAOA genotype groups. Considering 
relative sequence uniformity of the analyzed locus, it appears that 
the contribution of genetic background to DNA methylation is 
rather small. Thus, the majority of methylation variance can be 
attributed to non-genetic factors, including stochastic variations 
during developmental epigenetic programming.46

Methylation discordance restricted to a few sites. Differences 
in methylation patterns of the subclones derived from individual 
input DNA samples suggest variable methylation of the core 
MAOA promoter.16 A difference in the range of methylation levels 
detected at individual CpG sites (Fig. 1C) implies that there are 
certain constraints facilitating “physiologically permitted” vari-
ability in methylation levels which are likely to be physiologically 
relevant. Because the observed difference in methylation state 
and in extent of methylation variability of individual CpGs most 
likely reflects their specific localization relative to the functional 
elements of the MAOA gene promoter, it is likely that site-specific 
methylation levels detected in individual DNA can be related to 
the brain MAOA measures.

Association between the MAOA methylation and MAOA. 
Deciphering the role of DNA methylation and human behavior 
is difficult, largely due to inaccessibility of the human brain tis-
sue.25 Here, we tested a correlation between methylation state of 
the MAOA locus and respective levels of brain MAOA activity 
in a living brain using WBC as a proxy tissue for methylation 
analysis. The design of this imaging genetic study does not allow 
making an inference on causality; nonetheless, the significance of 
the relationships points to a negative impact of MAOA promoter 
methylation on MAOA expression (in a proxy tissue), which is 
measured at the brain level. If confirmed by further studies, this 
finding may be used for the development of new diagnostics.

Study limitations. This is the first report on the predictive 
value of peripheral MAOA methylation for the MAOA brain 
endophenotype and, as such, its findings are in need for repli-
cation. We also want to note several limitations of our study:  
(1) in order to minimize the biological complexity of the vari-
ables analyzed in this study, we did not include females in our 
analysis, which involved only healthy males. This reduced pos-
sible bias but limited the generalizability of the findings. (2) The 
assay employed in our study to analyze DNA methylation, i.e., 
cloning and sequencing of BS-converted DNA, has its technical 
limitations and, therefore, it is important to validate our findings 
using alternative analytical technologies. (3) Similar to most PET 
imaging studies, our sample size is relatively small. (4) In this 
study, we analyzed only part of the large methylation potential 
of the MAOA gene, which comprises two CGIs and encompasses 
161 CpGs. It is possible that future methylation analyses covering 
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95°C for 2 min, 15 cycles of Touchdown at 95°C for 30 sec, 63°C 
(decreasing 1°C each cycle) for 45 sec, 72°C for 2:30, followed by 
20 cycles at 95°C for 30 sec, 48°C for 45 sec, 72°C for 2:30 and 
a final extension at 72°C for 7 min. PCR products were gel puri-
fied using a column purification kit (Zymo Reaseach) and eluted 
in 20 μl TE buffer. Sequencing of the amplicons was performed 
using an ABI 3130xl (Applied Biosystems). After the initial 
editing with the Sequencher program (Gene Codes), individual 
sequences were aligned against the reference genomic sequence 
(hg18) using CLUSTALW program (www.ebi.ac.uk/Tools/msa/
clustalw2).

Bisulfite cloning and sequencing. Aliquots of 500 ng of 
genomic DNA were treated with sodium bisulfite using the 
EpiTect Bisulfite Kit (Qiagen). Bisulfite-treated DNA was PCR 
amplified using the following primers: forward, 5'-GGG GAG 
TTG ATA GAA GGG TTT TTT TTA T-3' and reverse, 5'-TAT 
ATC TAC CTC CCC CAA TCA CAC C-3'. In a set of optimiz-
ing experiments, we established a PCR protocol with enhanced 
amplification efficiency for methylated DNA by increasing the 
annealing temperature for PCR to overcome potential PCR 
bias in quantitative methylation analysis.47 Amplification was 
performed using touchdown protocol: initial denaturation at 
95°C for 2 min, 15 cycles of Touchdown at 95°C for 30 sec, 
63°C (decreasing 1°C each cycle) for 45 sec, 72°C for 2 min 30 
sec, followed by 20 cycles at 95°C for 30 sec, 48°C for 45 sec, 
72°C for 2 min 30 sec, with a final extension at 72°C for 30 
sec. PCR products were gel purified using a column purification 
kit (ZymoResearch) and ligated into the pCR2.1-TOPO vector 
(Invitrogen, Life technologies) as suggested by the manufactur-
er’s protocol.

Reaction products were electroporated into Top 10 cells using 
BioRad Gene Pulser. After addition of SOC Media, each sample 
was transferred to a microtube and allowed to express for 1 h and 
37°C. A 50 μl aliquot of transformance mix was plated on 2 × 
YT agar supplemented with 50 μg kanamycin and agar plates 
were grown overnight at 37°C. Individual colonies were isolated 
from the growing plates and transferred into the Deep Well 96 
well plate to grow as 0.75 ml cultures in 2 × YT media supple-
mented with 50 μg of kanamycin.

All cultures were screened using a Boil PCR method (see 
above). From the samples containing an insert plasmids were 
isolated using alkaline lysis followed by column purification 
(ZymoResearch). Fifteen to 40 clones (average: 26.5 ± 4.1) per 
individual sample were prepared for the sequencing to ensure a 
representative view on the methylation status of the MAOA pro-
moter. Clones were sequenced using sequencing primers flanking 
the cloning site: M13 forward, (-20) 5'-GTA AAA CGA CGG 
CCA G-3' and M13 reverse, 5'-CAG GAA ACA GCT ATG 
AC-3'.

Sequencing was performed using an ABI 3130xl (Applied 
Biosystems). Initial sequence editing was done with the 

the entire promoter would be able to detect more robust and reli-
able epimarkers related to MAOA regulation.

Methods

Subjects. Research was approved by the local institutional review 
board [Committee on Research in Human Subjects (CORIHS), 
Stony Brook University]. Healthy male subjects (n = 34) were 
enrolled after informed consent was obtained and confidenti-
ality of information was assured. Subjects were comprised of 
two different study populations for studies of MAO inhibitor 
drugs30 in which each volunteer had a baseline PET scan and 
provided a blood sample for DNA analysis. The baseline PET 
scan and DNA analysis for each subject was used for the present 
study. Inclusion criteria allowed for healthy males able to under-
stand and give informed consent, age 18–64 y, with Body Mass 
Index (BMI) ≥ 21 and ≤ 30. Health status was confirmed by on 
site physician on the day of PET scan. We excluded smokers, 
since cigarette smoke inhibits MAOA31 as well as subjects with 
a prior history of substance abuse or with positive urine drug 
screens, prior or current treatment with psychotropic medica-
tions, psychiatric co-morbidities, neurological disease, medical 
conditions that may alter cerebral function (e.g., cardiovascu-
lar, endocrinological, oncological or autoimmune diseases) or 
head trauma with loss of consciousness (greater than 30 min). 
All subjects had a clinical blood test and a urine drug screen 
(Biosite) on the day of PET scan. Age of participants ranged 
from 20 to 49 y (average: 30 ± 7.3 y). Ethnicity was self-iden-
tified. The demographic characteristics of the study sample are 
shown in Table 1.

Genomic DNA extraction and MAOA genotyping. Genomic 
DNA was isolated from the venous blood using PAXgene kit 
(Qiagen) according to the manufacturer’s instructions. The 
uVNTR MAOA genotyping was performed by PCR analysis 
as described elsewhere;3 amplified PCR products were resolved 
using QIAxel capillary electrophoresis and individual geno-
types were assigned based on the amplicons sizes. All individuals  
(n = 34) were partitioned onto the “high”(n = 18) and the “low” 
(n = 16) groups, as previously suggested.7

Sequencing of the MAOA extended promoter in genomic 
samples. The region encompassing extended MAOA promoter 
(chrX: 43,398,598–43,400,807) was PCR amplified using the 
following primers: forward, 5'-AAT TGC CTG GTC TCC 
CCC AA-3' and reverse, 5'-ATT GTG TCT GCC TCC CCC 
AG-3'. PCR reaction was set up in 25 μl volume with final 
concentrations of 1× Platinum Taq PCR Buffer (Invitrogen),  
1.5 mM MgSO

4
, 0.2 mM each of dATP, dTTP, dCTP and 

7-deaza dGTP, 0.64 μM of each primer, 1 unit of Platinum 
Taq polymerase (Invitrogen) and 1.6 μl (~100–200 ng) of DNA 
template. Amplification was performed with Touchdown PCR 
protocol with the following conditions: initial denaturation at 

Figure 3 (See opposite page). Interindividual variability of the MAOA methylation states. (A) Methylation statuses of CpG sites in individual samples 
(sorted by age) are compiled as methylation map. (B) Average methylation for the amplicon calculated for individual genomic samples is plotted against 
the respective brain MAOA levels (λk3 values). (C) Experiment-wide average (percentile) and range (± s.d.) of site-specific methylation. (D) Graphical 
representation of Pearson’s similarity between the methylation values of individual CpG sites.
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[11C]clorgyline from different brain regions and time-activity 
data in arterial plasma were used to calculate the model term K

1
, 

the plasma to brain transfer constant, which is related to blood 
flow and λk

3
 (a function of the concentration of catalytically 

active MAO-A molecules).31 The model term k
3
 is related to the 

binding or trapping of [11C]clorgyline by MAO-A; λ is defined as 
K

1
/k

2
 and is independent of blood flow50 and k

2
 is related to the 

efflux of tracer from brain to blood. For each subject, a λk
3
 value 

for each of the 21 ROIs was determined and a composite global 
λk

3
 value was determined from an average of the individual λk

3
 

values. Individual λk
3
 values along with average methylation val-

ues sample-wide are shown in Table S1.
PET data processing for parametric images. The parametric 

images in Figure 1 were generated by applying an irreversible 
2-tissue compartment model with model parameters K

1
 (blood 

to tissue), k
2
 (tissue to blood) and k

3
 (contains the free enzyme 

concentration) to each voxel. To reduce the number of param-
eters to be estimated, a clustering algorithm which groups voxels 
with similar kinetics was applied prior to the voxel analysis. In 
estimating the model parameters for each voxel, the ratio of K

1
/k

2
 

(λ) was fixed at the cluster value so that only two parameters were 
estimated. The results are reported as λk

3
. This combination of 

parameters has been found to be a more stable estimate of the 
MAOA level than the single parameter k

3
 similar to the use of the 

distribution volume V
T
 in reversibly binding tracers rather than 

k
3
. Individual λk

3
 values along with average methylation values 

sample-wide are shown in Table S1.
Statistical analysis. Demographic and imaging data were 

analyzed using the Statistical Package for Social Sciences (SPSS) 
version 15 (www.spss.com). Specific analytical techniques were 
chosen based on the outcome measurement (binary/categorical 
vs. continuous) and normality of the data (skewness and kurto-
sis). The Kolmogorov-Smirnov test was used to test whether all 
continuous variables followed normal distribution. The Student’s 
t-test for independent samples was used to compare the continu-
ous variables. ANOVA was used to explore group differences 
(sample partitioning onto genotype and ethnic subgroups) in 
demographics and brain measures and to make a statistical infer-
ence on the difference of the imaging and methylation measures 
data sets between different factors.

The relationship between the DNA methylation levels in and 
respective brain MAOA activity was visualized with scatter plots. 
A linear regression was calculated to infer the dependence of λk

3
 

value on average methylation in the amplicon and percentage of 
methylation at a single CpG site. The goodness of fit measure 
(R2) was used to quantify this relation. The p value was calcu-
lated by ANOVA to determine the significance of R2. For the 
normally distributed data we used Pearson’s correlation coeffi-
cient and for the data which distribution deviates from normality 
we used Spearman’s correlation coefficient to assess validity of 
the test statistics.

Multiple regressions (hierarchical and step-wise) were used to 
test whether the inclusion of other independent variables (age, 
ethnicity and MAOA genotype) along with MAOA methylation 
values will improve the accuracy in predicting values for the inde-
pendent variable (brain MAOA activity).

Sequencher software program (Gene Codes), followed by analy-
sis with BISMA. On average, 371.1 CpGs were analyzed over all 
clonal sequences obtained from each input DNA.

Quality control. To ensure the accuracy and reliability of our 
evaluation of the MAOA methylation levels, we used stringent 
quality control to select the sub-clonal sequences for the analysis. 
The quality control tool is integrated into the BISMA sequence 
processing; it was designed to resolve cases of deletion/insertions 
of thymine by PCR artifacts. The quality control assessment 
includes the following parameters: the degree of identity to the 
reference sequence, the conversion rate, the appearance of inser-
tions and deletions and the number of unresolved nucleotides. 
Only sequences which pass the default parameters of the quality 
control were considered in downstream statistical tests.

Methylation data analysis and visualization. BISMA ana-
lyzer software (biochem.jacobs-university.de/BDPC/BISMA) 
was used to calculate average methylation values and to derive 
methylation patterns from the sequencing results. The BDPC 
(Bisulfite sequencing Data Presentation and Compilation) pro-
gram was used to present the methylation pattern of the indi-
vidual amplicons, and to prepare the methylation maps and hit 
plots.

Visualization of the genomic and epigenetic data. USCS 
Genome Browser (http://genome.ucsc.edu/index.html?org=Hu
man&db=hg18&hgsid=246324863) was used to visualize the 
genomic region under analysis. Methylation states of the single 
CpG sites of the amplicon are shown as a Custom Tack in the 
Genome Browser display.

[11C]Clorgyline PET scans. All subjects had PET scans with 
[11C]clorgyline using the radiopharmaceutical synthesis proce-
dure and PET scanning and arterial sampling described previ-
ously45,48. Briefly, PET scans were obtained on a whole body, high 
resolution positron emission tomograph (Siemen’s HR+ 4.5 × 
4.5 × 4.8 mm at center of field of view) in 3D dynamic acqui-
sition mode for 60 min. Injected radioactivity averaged 7.1 ±  
0.6 mCi/scan; specific activity ~250 mCi/μmol at time of 
injection. An arterial plasma input function for [11C]clorgyline 
was measured using the same solid phase extraction procedure 
reported previously49.

PET image analysis. After emission data were attenua-
tion corrected and reconstructed using filtered back projection, 
time frames from dynamic images taken from 0 to 60 min were 
summed and then manually re-sliced along the AC-PC line. 
Planes were added in groups of two, placing the thalamus at 
plane 12, to obtain 23 planes for region of interest (ROI) place-
ment using an atlas for reference. The regions were then projected 
to the dynamic scans to obtain time-activity data. ROIs for the 
following brain areas were obtained: frontal cortex, parietal cor-
tex, occipital cortex, visual cortex, temporal cortex, insula, orbi-
tofrontal cortex, anterior cingulate gyrus, rectal gyrus, thalamus, 
caudate nucleus and putamen. ROIs were identified in at least 
two contiguous slices and the weighted average was obtained. 
For regions occurring bilaterally, the right and left regions were 
averaged.

Data analysis and estimation of brain MAOA activity. For 
quantification of MAO-A binding, PET time-activity data for 
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variations in DNA methylation and its functional implications at 
the level of the gene product in the living human brain.
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A principal component analysis (PCA) on the 14 items (single 
CpG sites methylation values) was conducted with orthogonal 
rotation (Varimax). The Kaiser-Mayer-Olkin measure verifying 
the sampling adequacy for the analysis, KMO = 0.58 (acceptance 
level is 0.5). Barlett’s test for sphericity χ2(91) = 209.8, p < 0.001, 
indicated that correlation between the items were sufficiently 
large for PCA. An initial analysis was run to obtain eigenvalues 
for each component of the data. Four components had eigenval-
ues over Kaiser’s criterion of 1 and, in combination, explained 
70% of the variance. The screen plot was slightly ambiguous 
and showed inflexions that would justify four components. Four 
components were retained in the final analysis. Table S2 shows 
the factor loading after rotation.

Conclusion

We found significant interindividual differences in core MAOA 
promoter methylation status and pattern, which were not influ-
enced by the VNTR genotype. However, we found a strong asso-
ciation between regional and CpG site-specific MAOA promoter 
methylation and brain MAOA levels. These results suggest that 
the methylation status of the MAOA promoter detected in white 
blood cells can reliably predict the brain endophenotype and that 
the status of MAOA methylation observed in healthy males merits 
consideration as a variable contributing to interindividual differ-
ences in behavioral and disease phenotypes. Since our knowledge 
on the extent of normal epigenetic variability and the functional 
relevance of epigenetic polymorphisms remains very limited, 
our study contributes to the understanding of interindividual 
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